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Growth of the crystals which compose a ceramic is observed at the final stage of sintering or during use at high 
temperatures. This is due to surface tension forces (in the present case boundary tension) as a result of diffu¬ 
sion or cooperative mass transfer (shear; rotation). 


The microstructure of oxide ceramic is determined by, 
aside from the conditions under which the intermediate pro¬ 
duct is obtained, the structure of the initial powder, the form 
and distribution of the modifying additive, and the annealing 
regime. As a result of the presence of defects it is always 
metastable and it undergoes substantial changes during use at 
high temperatures, a result of which is that many properties, 
first and foremost, the mechanical properties, change [1]. At 
the same time many varieties of ceramics are used under es¬ 
sentially normal conditions when mass transfer is a very 
slow process. 

Internal boundaries separating crystals of the same phase 
or different phases are present in any polycrystalline body. In 
any case they comprise a region or zone of imperfect contact 
(disruption of continuity of the micro structure), i.e., sections 
with higher energy. Consequently, there exists a driving force 
that strives to decrease the surface of the boundaries and, 
correspondingly, cause them to move — the so-called “boun¬ 
dary tension” analogous to surface tension [2]. 

Ordinarily, it is assumed that the width of the disordered 
boundary region is close to atomic dimensions. In this case, 
the number of atoms with elevated energy in the “amor- 
phized” intercrystalline interlayer is limited to a minimum. 
Depending on the angle of disorientation of the crystals, 
these regions can be described by a definite set of surface 
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(planar) dislocations and vacancies [3]. A model according to 
which sections of good and poor matching of neighboring 
lattices exist on such boundaries has been proposed for large 
angles. In the first case, they can be constructed from dislo¬ 
cations and vacancies, and in the second they consist of 
amorphized matter. Twinning is a case of a small-angle 
boundary. The atoms lying in the twin plane are coherently 
bound with each adjoining crystal, the distances between 
these atoms and their nearest neighbors remain unchanged, 
and the mismatch in the arrangement exists only for the se¬ 
cond-nearest and more distant neighbors. Examples of twins 
in a ceramic are the boundaries between crystals in optically 
transparent materials and between different phases in high- 
strength structural materials, for example, in the system 
A1 2 0 3 - Zr0 2 - Y 2 0 3 . It should be noted that they are inhe¬ 
rent to very stable microstructures. 

The crystals increase in size at the final stage of sintering 
or during use of the ceramic at high temperatures [4]. The 
driving force of this process is the decrease in free energy 
when atoms pass through an interface from the convex to the 
concave side, where the atoms occupy equilibrium positions 
(lattice sites). According to the generally accepted picture, as 
a result of this the interface moves in the direction toward its 
center of curvature and large crystals grow at the expense of 
small ones. Ultimately, the total boundary area per unit vo¬ 
lume decreases. In what follows we shall distinguish two 
processes which give rise to structural changes on heating — 
crystal growth and recrystallization. In the first process the 
crystals in a polycrystalline body grow as their boundaries 
move. The driving force is the boundary tension associated 
with the curvature and extent of the boundary. The second 
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process is the formation and growth of crystals in a highly 
distorted matrix as a result of the presence of a large number 
of lattice defects of different kinds. The driving force of this 
process is the difference of the chemical potentials of the vol¬ 
ume of the stressed medium and growing crystal with fewer 
defects, which proceeds by diffusion. 

Thus, crystal growth in a polycrystalline material con¬ 
sists of geometric changes of the three-dimensional “network 
of boundaries” in the material; inclusions of another phase, 
including pores, impede the motion of the network [5]. The 
expression relating the change of the size of the crystal in 
time t at constant temperature T has the form 

D 2 -Dl =K t, 

where D and D 0 are the final and initial size of the crystals; 
K is the rate constant, which changes with temperature: 

K = K 0 Qxp[-Q/RT] 9 

where K 0 is a pre-exponential factor, Q is the activation en¬ 
ergy, and R is the universal gas constant. 

For a process with sufficiently long durationD 0 <i) the 
expression for the kinetics has the form D 2 = K x, and the 
plots of log D versus log x will be straight lines with slope 
angle tangent 0.5. However, in practice, the slope ordinarily 
lies in the range 0.1 - 0.5. There could be several reasons for 
this, first and foremost, the fact that the presence of foreign 
inclusions, such as pores and a second phase, often impedes 
growth. 

When the boundary of a growing crystal encounters an 
obstacle, the boundary energy decreases in proportion to the 
transverse cross section of the obstacle and energy inflow is 
required in order to overcome the obstacle. When a large 
number of inclusions are present, the inflow of energy could 
be insufficient to support continual growth of crystals. It is 
assumed that crystal growth stops when the following condi¬ 
tion is satisfied [5]: 

D m = d/f, 

where D m is the maximum size of the crystals, d is the aver¬ 
age diameter, and/is the volume fraction of the inclusions. 

Ordinarily, the pore size is about 0.1 times the average 
diameter of a crystal, so that growth can start at porosity 
f= d/D = 0.1. This is observed in practice. For example, in¬ 
tense growth of crystals starts with open porosity of about 
10% in MgO, 4 - 5% in A1 2 0 3 , and 3 - 4% in Y 2 0 3 . 

The study of the growth kinetics during sintering of ce¬ 
ramic materials shows that the process is quite adequately 
described by the equation 

D = K x n . 

According to some results, the values obtained for the 
exponent n are mainly the same or close to 1/3. For example, 


crystal growth during sintering of CaO-stabilized Zr0 2 can 
be described with n= 1/4 and for corundum ceramic 
n= 1/2 [6]. 

The activation energy of corundum crystal growth is 
505 kJ/mole, which is essentially equal to the sintering acti¬ 
vation energy (496 kJ/mole). The activation energy of self- 
diffusion in A1 2 0 3 is 460 - 480 kJ/mole, which indicates that 
the process occurs by a diffusion mechanism. It has been de¬ 
termined that the activation energy of MgO crystal growth is 
260 kJ/mole, and the sintering activation energy calculated 
according to the shrinkage is 230 - 280 kJ/mole. Close va¬ 
lues of the activation energy of sintering and crystal growth 
are characteristic for other oxides. 

At the final stage of sintering the number and size of the 
pores reach a definite minimum value, as a result of which 
crystal growth becomes possible. Ordinarily, the crystals en¬ 
trap a quite large number of pores. The boundaries move 
more rapidly than the pores can grow via vacancies, and for 
this reason a portion of the vacancies remains in the volume 
of the material and is not removed even with long holding 
times. The drive to decrease the free surface energy leads, on 
the one hand, to coalescence (merging) of pores with their 
volume remaining unchanged (internal sintering) and, on the 
other, to closure, which is accompanied by an increase of the 
pycnometric density (external sintering). If the average dis¬ 
tance between the boundaries is much greater than the dis¬ 
tance between the pores, regions where coalescence occurs 
predominantly can coexist with regions where pores close, 
dissolving via vacancies in boundaries-sinks. According to 
the diffusion theory of coalescence [7], the average pore size 
R in an isothermal process grows in time according to the re¬ 
lation R ~ x 1 / 3 . The critical size above which they increase 
in size is 10 “ 5 cm for oxide materials at 2000 K [8]. 

The microstructure of oxide ceramic materials intended 
for use at high temperatures must be stable during long-time 
heating to avoid changes in the properties, first and foremost, 
strength. We shall examine the growth of crystals during 
sintering and thermal aging for the example of periclase ce¬ 
ramic. We note that during thermal aging wide ranges of 
temperature and holding times are more favorable for inves¬ 
tigations. They make it possible to establish a number of im¬ 
portant features, which are characteristic also for sintering, 
i.e., with continual heating and then holding, of a porous 
compact. Phenomenologically, crystal growth occurs during 
the holding time, and is especially intense initially, slowing 
down with time; a temperature increase sharply intensifies it. 
Aging is accompanied by a gradual decrease in the number 
and size of intercrystalline pores. At the same time, the total 
volume of intracrystalline pores essentially does not de¬ 
crease; it becomes larger and isometric, and the number of 
porous decreases [9]. 

Histograms were constructed to obtain the quantitative 
estimates of growth. These are differential and integral 
curves characterizing the size distribution of the crystals. An 
example of integral curves is presented in Fig. 1. It was 
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Fig. 1. Integral curves of the size distribution of crystals of peri- 
clase ceramic before (7) and after thermal aging at temperatures 
1700°C (a) and 1900°C (b ) for 2 h (2) 5 h (3 ), 10 h (4 ), and 20 h 
(5) as well as at temperatures 1800°C ( 6 ), 1900°C (7), 2000°C ( 8 ), 
and 2100°C (9) for 10 h (c). 


found that during the crystal growth process the relative uni¬ 
formity of the ceramic structure remains unchanged in all 
cases; the conclusion is true for all types investigated: MgO, 
A1 2 0 3 , Zr0 2 , MgO • A1 2 0 3 , and others. This phenomenon 
can be very important technologically. According to our ob¬ 
servations, the size distribution of crystals in a ceramic is de¬ 
termined by the particle-size distribution in the initial pow¬ 
der. To obtain uniform crystallization, whose relative dimen¬ 
sionality remains under all conditions of heating at high tem¬ 
peratures, it is necessary to use initial powders with the same 
particle size, preferably spherical particles. In this case, the 
pore sizes in the initial porous compact will be the same 
which will give uniform sintering over the volume of the part 
and makes it possible to obtain crystals with close sizes. The 
closer the distribution of the particles in the initial powder is 
to an ideal distribution (monofractional), the more uniform 
the structure of the ceramic and, naturally, the more stable 
the properties of the ceramic are. 

As one can see from Fig. 1, not only the largest crystals 
but also the smallest crystals undergo growth. This contra¬ 
dicts the generally accepted law of growth — large crystals 
grow at the expense of small crystals, i.e., small crystals 



Fig. 2. Micro structure of Y 2 0 3 coarse-crystal transparent ceramic 
with the addition of 20% (molar content) Gd 2 0 3 (x 115). 


should exist regardless of the size of the large crystals. In re¬ 
ality, small crystals are essentially absent in large-crystal ma¬ 
terials (Fig. 2). It can be assumed that growth can also occur 
by means of other mechanisms. 

Phenomenologically, the growth kinetics of periclase 
crystals, just as other oxides, is described by the equation 
D = K x”. For fine-crystalline samples /7 = 0.28 — 0.31, and 
for coarse-crystalline samples n decreases to 0.18. It should 
be noted that substantial growth of crystals, which on heating 
to 1950-2100°C become larger than 400 pm, occurs in 
MgO ceramic. Impurities are displaced onto the boundaries 
of the crystallites, which results in the formation of inter¬ 
layers of an intercrystalline phase. 

The absolute instantaneous growth rate is inversely pro¬ 
portional to the square of crystal size and is described by the 
equation 


dP A 
dx p 2 


Introducing the kinetic law into this equation establishes 
the relative instantaneous rate as a function of time: 


dP 
dx P 





where A and A ' are the coefficients of proportionality. 

Crystal growth and micro structure changes greatly influ¬ 
ence strength. As size increases, the strength initially in¬ 
creases somewhat and then decreases substantially (Fig. 3); 
the maximum crystal size is 90- 100 pm. This increase is 
due to an increase in the density of the ceramic and removal 
of open porosity. Apparently, further decrease is due to an in¬ 
crease of thermal stresses on the boundaries of large disori- 
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Average crystal size, |am 

Fig. 3. Variation of the bending strength of MgO ceramic as a func¬ 
tion of the average crystal size. The ceramic was heat-treated at 
1700°C (O), 1800°C (A), 1950°C (•), and 2100°C (■). 
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Fig. 4. Relative instantaneous growth rate of crystals of various 
oxide materials as a function of aging time: O) A1 2 0 3 ; •) MgO; 
A) Zr0 2 ; ®) MgO • A1 2 0 3 . 


ented crystals, arising during cooling, as a function of the ag¬ 
ing temperature. 

The behavior of ceramic with different composition and 
structure during long-time heating in a wide temperature 
range also has been studied in detail for aluminum oxide, zir¬ 
conium dioxide, yttrium and scandium oxides, calcium oxi- 


TABLE 1. 


Material 

Activation energy, kJ/mole 

sintering 

crystal growth 
during sintering 

crystal growth 
during aging 

MgO 

230-326* 

260 

293-347* 

ai 2 o 3 

476 - 496* 

502 

343 - 420 

Zr0 2 

314 

290 

335 

y 2 o 3 

314 

333 

356 


Data obtained by different authors. 


de, alumomagnesia spinel, and others. Similar behavior of 
the microstructure, crystal growth, and strength as a function 
of crystal size has been obtained. We note that the micro¬ 
structure of ceramic consisting of yttrium and scandium ox¬ 
ides exhibits quite high stability, but the strength of these ce¬ 
ramics, just as those of other types of ceramics, decreases 
substantially. Samples of highly dispersed powder with a low 
degree of particle aggregation with no additives sinter at 
lower temperatures than the samples consisting of commer¬ 
cial powder, but they show crystal growth; crystal growth oc¬ 
curs at a lower rate than in ceramic on sintering. 

Thus, a thermally stabile ceramic with density close to 
the theoretical value, set by the microstructure and high level 
of the properties, cannot be obtained in practice on the basis 
of pure oxides. High sintering temperatures and prolonged 
holding do not remove pores completely. In addition, the 
microstructures formed are unstable and can substantially re¬ 
form during prolonged heating at high temperature, resulting 
in a change of the properties. 

The growth of crystals of pure oxide materials during 
sintering and thermal aging is due to the motion of bound¬ 
aries under surface tension, and the growth mechanism is dif¬ 
fusion. This is indicated by the fact that in most cases the ac¬ 
tivation energy for crystal growth is close to the activation 
energy for sintering (see Table 1). 

The dependence of the relative instantaneous growth rate 
of crystals of pure oxide materials on the aging time (Fig. 4) 
shows that the type of oxide, the size of the crystals, the tem¬ 
perature, and the type of process (sintering or thermal aging) 
did not influence it; this quantity is inversely proportional to 
the holding time. Therefore, the experimental data show that 
during crystal growth the microstructure as a whole changes 
self-similarly and relatively uniformly. 

Crystals grow, becoming at each moment in time larger 
by the same relative amount. It can be assumed that the 
growth mechanism is the same in all cases, and initially it is 
determined by motion of boundaries toward their center of 
curvature i.e., large crystals grow at the expense of smaller 
crystals. Apparently, this process is combined with diffusion 
reorientation of crystals, which reach a definite minimum 
size. The reorientation proceeds until neighboring lattices co¬ 
incide geometrically, as a result of which the boundaries van¬ 
ish (annihilation occurs) and large crystals unite with smaller 
crystals. 

A small crystal in a comparatively coarse-crystalline ma¬ 
trix is a three-dimensional defect and, in this sense, behaves 
as a single whole. With adequate thermal activation it can 
turn and slip over small distances, i.e., adjust itself under a 
large neighboring crystal. This is especially true for initial 
powders which are obtained by chemical methods and have 
many defects. Such a growth mechanism explains the ab¬ 
sence of small crystals and the shift of the initial branches of 
the distribution curves (see Fig. 1). Apparently, the larger the 
crystals in the overall mass, the larger the crystals that can be 
absorbed are. Examples of the vanishing of a boundary are 
shown in microstructures (Fig. 5). 
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Fig. 5. Microstructure of a transparent ceramic. Sites where bound¬ 
aries vanish as result of possible reorientation of crystals are indi¬ 
cated (x 300). 


Fig. 6. Scheme of coalescence of crystals, including a rotation 
stage: a) initial structure; b) moment of rotation of one crystals; 
c ) structure immediately after coalescence; d ) final structure of 
crystals and after some migration of the boundaries. 


The merging of subcrystals as result of the reorientation 
of one of them has been observed in metals [10]. This phe¬ 
nomenon is shown schematically in Fig. 6. It is assumed that 
subcrystals can increase in size as a result of coalescence 
(merging), when boundaries of some neighboring subcrystals 
gradually vanish and at the same time the crystals merge, ac¬ 
quiring the same orientation. As a result of a process which 
includes climb, dislocations should gradually leave a vanish¬ 
ing sub-boundary, and the corresponding subcrystal should 
turn by a definite angle. The vanishing of the boundary CH 
(see Fig. 6) is accompanied by a rotation of one subcrystal as 
a result of the diffusion of atoms along sub-boundaries, as re¬ 
sult of which material is transferred from the hatched regions 
into the corresponding unhatched regions. 

Such a phenomenon can be clearly observed in a trans¬ 
parent ceramic. Figure 7 shows the microstructure of a trans¬ 
parent Y 2 0 3 ceramic microsection with added Gd 2 0 3 (crystal 
size 150 - 200 pm). Judging from the remaining boundaries, 
the material consists of fine particles (about 10 pm), which 
have coalesced into large grains during sintering. This is con¬ 
firmed by the ideas, advanced by the authors, on the possibi¬ 
lity of crystal growth not only by diffusive mass transfer but 
also by shifting and rotation of amalgamations of atoms. 

Introducing additives provides a real possibility for sub¬ 
stantial change of microstructure (crystal size, porosity dis¬ 
tribution, and pore size). Since the ionic radii of the main cat¬ 
ion and the introduced cation are almost never the same, the 
lattice parameter changes, the sign of the change depending 
on the size ratio of the ions: if the additive is smaller, the lat¬ 
tice parameter decreases, otherwise it increases. Thus, the 
crystal lattice is in a stressed, distorted state, which has a 
large effect on the microstructure, microhardness, and 
strength of the ceramic as well as other properties. 

As an example, Fig. 8 displays the change of the lattice 
parameter and crystal size of Y 2 0 3 as a function of the type 
and concentration of the additive introduced, and Fig. 9 



Fig. 7. Microstructure of a transparent ceramic based on Y 2 0 3 with 
20% (molar content) Gd 2 0 3 added (transparent microsection, x 115). 


shows the microstructure of a ceramic based on Y 2 0 3 with 
Hf0 2 and Gd 2 0 3 added. Additives have a large effect on 
crystal size. This phenomenon is probably due to a change in 
the state of the atoms, including at a boundary. This is what 
either decreases or increases their transition energy. 

Similar behavior is also characteristic for other oxides 
with a cubic crystal lattice. For example, when 40% (molar 
content) Y 2 0 3 is added to Sc 2 0 3 the lattice parameter in¬ 
creases from 0.985 to 1.015 nm, and the size of the crystals 
of the solid solution changes from 25 to 120 pm. Similar re¬ 
lations have also been established for the oxide compounds 
3Y 2 0 3 • 5A1 2 0 3 , 3Gd 2 0 3 • 5Ga 2 0, MgO • A1 2 0 3 . Introducing 
into garnets 0.5 - 1.0 wt.% Zr0 2 and Hf0 2 , which decrease 
their lattice parameter, produces a fme-crystalline structure 
in the ceramic. 

In summary, when additives forming solid solutions are 
introduced into oxides and their compounds a completely 
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Fig. 8. Variation of the lattice parameter d and size D of Y 2 0 3 crys¬ 
tals with the introduction of Zr0 2 and Hf0 2 ( a , b ), Eu 2 0 3 ( c , d ), 
and Gd 2 0 3 


definite crystallization is observed in all cases. This crystalli¬ 
zation depends on the sign of the change of the crystal lattice 
parameter, which makes it possible to predict qualitatively 
the character of the microstructure of the new materials. 

The simultaneous introduction of two oxides, one of 
which forms an isovalent solid substitution solution and the 
other a heterovalent solution, provides even greater possibili¬ 
ties for regulating the degree of sintering, microstructure, 
and properties. In this case, a substantial change of the lattice 
parameter can be attained, which makes it possible to obtain 
fine-crystalline materials with uniform microstructure. An 
example is the transparent ceramic based on Y 2 0 3 with 
Sc 2 0 3 and Hf0 2 added simultaneously; the microstructure 



Fig. 9. Microstructure of transparent ceramic consisting of Y 2 0 3 
(x 200) with added Hf0 2 ( a ) and Gd 2 0 3 ( b ). 



Fig. 10. Microstructure of transparent ceramic made from Y 2 0 3 
with Sc 2 0 3 and Hf0 2 added simultaneously (x 500). 


of the ceramic is shown in Fig. 10. The lattice parameter of 
the material decreases by 4% compared with the material 
with no additives. The strength of the composition 
0.77Y 2 O 3 • 0.2 Sc 2 O 3 • 0.03HfO 2 is three times greater than 
that of pure Y 2 0 3 and approximately 2 times greater than that 
of the transparent ceramic with 5% Hf0 2 added. This princi¬ 
ple for obtaining a composition was used to obtain a trans¬ 
parent ceramic based on Sc 2 0 3 , Zr0 2 , and MgO. The crystal¬ 
lization in this material is quite coarse, since the ionic radii of 
the additive cations are larger than the radius of the matrix 
cation. 

At the present time, compositions where additives are 
used to regulate sintering, microstructure, and properties are 
widely used to make new structural materials. Combined 
with variations of the technology, this makes it possible to 
obtain highly dispersed non-aggregated powders which can 
be used to fabricate ceramic with a new structure, consisting 
not of the conventional faceted crystals but rather a dense 
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Fig. 11. Cleavage surface of a ceramic with the composition 70% 
A1 2 0 3 and 30% Zr0 2 (x 10,000). 

concretion of rounded particles and particles with a slightly 
elongated shape (Fig. 11). 

We underscore once again that all laws of crystal growth 
which have been examined for materials with modifying ad¬ 
ditives forming solid solutions are valid only when the mate¬ 
rials are made from highly dispersed powders with aggre¬ 
gates smaller than 1 pm and with uniform additive distribu¬ 
tion over the volume of the particles. 


REFERENCES 

1. N. T. Andrianov and E. S. Lukin, Thermal Aging of Ceramics 
[in Russian], Metallurgiya, Moscow (1979). 

2. R. Kane, Phase Transformations, Metallography [Russian 
translation], Mir, Moscow (1968). 

3. Van Buren, Defects in Crystals [Russian translation], Inostr. 
Lit., Moscow (1962). 

4. Ya. E. Geguzin, Physics of Sintering [in Russian], Nauka, Mos¬ 
cow (1984). 

5. D. E. Burke, “Growth of crystals in ceramics,” in: W. D. Kin- 
gery (ed.), Kinetics of High-Temperature Processes [Russian 
translation], Metallurgiya, Moscow (1965), pp. 155 - 166. 

6. F. Ya. Kharitonov, “Kinetics of corundum recrystallization,” 
Ogneupory, No. 1, 53 - 56 (1966). 

7. I. M. Lifzhits and V. V. Slezov, “On the kinetics of diffusion de¬ 
composition of supersaturated solid solutions,” Zh. Eksp. Teor. 
Fiz., 35(2), 479-485 (1958). 

8. K. K. Strelov and A. F. Bessonov, “Classification of pores in re¬ 
fractory materials,” Ogneupory , No. 10, 469 - 471 (1963). 

9. V. A. Kochetkov, A. A. Moyer, and D. N. Polyboyarinov, 
“Change of the structure of a ceramic, consisting of pure mag¬ 
nesium oxide, during aging,” in: Coll. Works of the D. I. Men¬ 
deleev Russian Chemical Engineering University [in Russian], 
Moscow (1967), No. 55, pp. 134 - 141. 

10. D. Martin and R. D. Doherty, Stability of the Microstructure 
in Metallic Systems [Russian translation], Atomizdat, Moscow 
(1978). 


